Background: Several fusion adjuncts exist to enhance fusion rates during minimally invasive transforaminal lumbar interbody fusion (MI-TLIF). The objective of this study was to compare fusion rates in patients undergoing MI-TLIF with either rhBMP-2 or cellularized bone matrix (CBM).
INTRODUCTION
Minimally invasive transforaminal lumbar interbody fusion (MI-TLIF) is a well-accepted surgical treatment option for patients with degenerative conditions of the lumbar spine. [1] [2] [3] [4] [5] [6] While several studies have reported on the short-term advantages of minimally invasive techniques, proponents of open surgery cite poor fusion success as a major deterrent to widespread adoption. [7] [8] [9] [10] [11] [12] In an effort to improve fusion in the interbody space in MI-TLIF, surgeons have employed a variety of fusion substrates. The rates of successful fusion in MI-TLIF have varied, with most reports relying on surgeon interpretation of plain radiographs to determine fusion success.
In an effort to improve fusion rates in spine surgery, on-and off-label use of recombinant human bone morphogenetic protein-2 (rhBMP-2) has become widespread. Although rhBMP-2 has improved fusion rates across the realm of spinal fusion procedures, concerns of side effects of rhBMP2 have led to bioengineering efforts to produce efficacious alternatives, especially in transforaminal interbody fusion. [13] [14] [15] [16] Specifically, in MI-TLIF, the literature lacks direct comparison of rhBMP-2 over other fusion substrates.
Mesenchymal stem cell containing cellular bone matrices (CBMs) were recently introduced as an alternative to rhBMP-2. CBMs offer some theoretical promise by combining osteogenic, osteoconductive, and osteoinductive characteristics that mimic the biologic profile of iliac crest bone graft. In vitro studies have demonstrated that CBMs contribute to repair and regeneration of bones, though clinical trials validating this capability in the human intervertebral disc space are sparse. [17] [18] [19] Trinity Evolution is a CBM comprised of a cancellous bone matrix containing viable osteoprogenitor stem cells derived from cadaveric donor tissues. It has proven to be a safe and efficacious substrate for bone grafting procedures in some orthopedic procedures outside of the spine, though only industry-sponsored studies currently exist detailing its use and efficacy in spinal fusion procedures. [20] [21] [22] [23] The purpose of this study was to directly compare fusion success and complications in patients undergoing MI-TLIF surgery with use of rhBMP-2 (Infuse) or CBM (Trinity Evolution) in a single surgeon series. Independent, blinded neuroradiologist review of CT scans to assess fusion was employed, and predictive factors for nonunion were identified. To our knowledge, this study is the first of its kind to directly compare rhBMP-2 versus CBM as fusion adjuncts in MI-TLIF.
METHODS
The institutional review board approved this retrospective review of a single surgeon's patients at 1 institution between July 2011 and December 2014. Patients included in this study underwent an MI-TLIF with either rhBMP-2 (Infuse) or CBM (Trinity Elite) used as the primary fusion substrate in the interbody space. Initial cases were all treated with CBM until a specific point in time after which the remaining cases received rhBMP-2. The electronic patient medical records and the paper office charts were queried for data collection.
All patients included in this study underwent an appropriate course of nonoperative treatment, including but not limited to activity modification, physical therapy, nonsteroidal anti-inflammatory drugs, limited opioid analgesics, or epidural steroid injections, for at least 3 months. Operative indications included degenerative spondylosis or spondyolisthesis resulting in central, lateral recess or foraminal stenosis, radiculopathy, or neurogenic claudication as well as failure of nonoperative care.
Postoperative 1-mm-cut computed tomography (CT) scans were obtained 1 year after surgery for all patients in the study to assess fusion status. Two independent, blinded, board-certified neuroradiologists assessed fusion at the operative level(s). Fusion was defined as evidence of bony bridging from end plate to end plate within the cage as well as bony bridging lateral to the cage. A representative CT cut of a fused level is shown in Figure 1 , while a case of pseudarthrosis is depicted in Figure 2 .
IBM SPSS Statistics (Armonk, New York) was utilized for statistical analysis. Continuous variables were compared between cohorts with independentsample t tests, and categorical variables were compared between groups with Fisher exact test. Separate analyses were performed for single-level fusions. A multivariate regression analysis was performed to identify patient factors that were predictive of radiographic nonunion after MI-TLIF. All 93 levels were individually entered into the regression model.
Operative Procedure
MI-TLIF was performed in all cases in equivalent fashion. Patients were placed prone on a Jackson table with Wilson frame. Neuromonitoring was used in all cases. Guide wires were placed into the pedicles bilaterally under AP and lateral fluorosco- py. A tubular retractor was then placed over the facet joint on the side of most significant symptoms. A complete facetectomy was performed. Thorough discectomy and end plate preparation was performed using a combination of distractors, shavers, and curettes; 10 cm 3 of morecellized allograft bone was placed anteriorly in the disc space. This was followed by placement of an appropriately sized polyetheretherketone (PEEK) interbody cage. The cage was packed either with an x-small rhBMP-2 sponge or with 5 cm 3 of Trinity Evolution CBM. In the rhBMP-2 group, another 5 cm 3 of morcellized allograft bone was packed behind the cage in the interbody space in attempts to mitigate direct exposure of the neural elements to the rhBMP-2. In the Trinity Evolution CBM group, the remainder of the 5 cm 3 of CBM not permitted in the PEEK cage was combined with 5 cm 3 of morcellized allograft bone and placed posterior to the interbody cage. Cannulated pedicle screw instrumentation was performed over the previously placed guide wires. Rods and endcaps were inserted and a standard closure was performed. No patients had an additional posterolateral fusion performed.
RESULTS

Patient Characteristics
A total of 93 fusion levels in 78 patients were reviewed. Thirty-nine patients received Trinity Elite CBM in the interbody cage; 39 patients received Infuse rhBMP-2 in the interbody cage. The epidemiological variables for all cases as well as singlelevel-only procedures are summarized in Tables 1   and 2 . The average age in the rhBMP-2 cohort was 61.4 years as compared with 55.6 in the Trinity Elite cohort (P ¼ .03). There were no statistical differences between the 2 groups with respect to BMI, insurance status, number of operative levels, smoking status, or associated medical comorbidities.
Fusion Rates With Either rhBMP-2 or CBM
The fusion rate assessed at 1 year with CT scan was found to be 68% in the CBM group (32/47 levels) and 78% in the rhBMP-2 group (36/46 levels). The rate of fusion was not found to be statistically significant between the 2 groups (P ¼ .35) ( Table 1 ). When examining single-level cases only, the fusion rates for the CBM and rhBMP-2 groups were 59% (19/32) and 78% (25/32), respectively. Although trending toward significance in favor of BMP, these results failed to demonstrate statistical difference (P ¼ .18).
A total of 4 patients (5%) required a revision surgery for symptomatic pseudarthrosis, 3 in the CBM group and 1 in the rhBMP-2 group (P ¼ .61). All of these patients had a single-level index procedure.
Risk Factors for Nonunion
A multivariate analysis was performed to identify the factors that were predictive of progressing to radiographic nonunion. Basic descriptive statistics and regression coefficients for all cases are shown in Table 3 . The results of the regression analysis indicated that only preoperative hypertension was predictive of developing a radiographic pseudarthrosis (odds ration ¼ 3.5, P ¼ .05).
Complications
Of the 78 cases performed, a total of 16 complications (20%) occurred. The complications included 1 adjacent-level herniation, 4 pseudarthroses that required a return to the operating room, 2 cases of adjacent segment disease, 6 cases of recurrent stenosis, and 3 failures of hardware. There was no statistically significant difference in the proportion of complications between the CBM group (9/39) and the BMP group (7/39) (P ¼ .78).
DISCUSSION
MI-TLIF has been validated in the literature as a safe and effective alternative to open TLIF as well as traditional instrumented posterolateral lumbar fusion with equal fusion rates and patient-reported outcome measures.
7-12 However, to date, no study has directly compared rhBMP-2 and CBM as fusion adjuncts and their effect on MI-TLIF fusion rates. Furthermore, the vast majority of relevant studies do not employ the use of stringent CT-based radiologic criteria performed by independent, board-certified, blinded neuroradiologists. This introduces the possibility of considerable observer bias.
The results of our study found utilization of rhBMP-2 to trend toward improved fusion rates in single-and multilevel MI-TLIF as compared to CBM, though results failed to reach statistical significance. Independent studies evaluating fusion rates after MI-TLIF with rhBMP-2 as a fusion enhancer demonstrate fusion rates ranging from 67% to 100%. 12 However, there exists significant interstudy heterogeneity with different applications of type of interbody device, addition of posterolateral fusion techniques, and unilateral versus bilateral instrumentation. Villavecencio et al 10 were one of the first groups to publish on fusion rates of MI-TLIF with rhBMP-2 without posterolateral fusion, achieving successful arthrodesis in 67% of patients. They were the only group to objectively utilize radiologist review of dynamic radiographs, though they did not employ CT. Anand et al 24 published on a cohort of 100 patients who underwent MI-TLIF with rhBMP-2 as a fusion adjunct and achieved a solid fusion on 99% of their subjects. However, their fusion designation was based primarily on dynamic plain radiographs, reserving CT only for equivocal interpretations, though the literature favors CT analysis of fusion against plain radiographs. 5 Additionally, fusion assessment was performed by the operating surgeon.
While rhBMP-2 is a validated fusion enhancer, the use of CBMs clinically for fusion application, though extremely prevalent in clinical practice, is sparse in the literature. Paradoxically, Grabowski et al 25 estimated that CBMs were used in almost 1/5 of all spinal fusion procedures performed in 2012. Currently, only 3 published studies exist evaluating the use of CBMs for spinal arthrodesis procedures. [26] [27] [28] Of these 3 studies, 2 did not disclose conflicts of interest, 26, 27 and the remaining study was industry sponsored. 28 Fusion rates in these studies ranged from 90% to 92%, paralleling previously published MI-TLIF fusion data trends. However, these studies employed only plain radiog- Abbreviations: CBM, cellular bone matrix; rhBMP-2, recombinant human bone morphogenetic protein-2; BMI, body mass index. *Statistically significant value at a threshold of P , .05. raphy and relied on surgeon interpretation of fusion status, which introduces considerable observer bias. In our study, 2 blinded, fellowship-trained neuroradiologists assessed fusion by CT scan. Fusion, if present, was given a grade ranging from I to IV, in accordance with the spinal fusion classification system proposed by Shah et al. 29 For purposes of statisitical analysis, only Shah grades III and IV (bony bridging from end plate to end plate both within and around the cage) were considered fused. 29 Of the 47 levels evaluated using CBM as a fusion adjunct, 32 (68%) were designated as fused, while 36/46 (78%) levels that employed rhBMP-2 achieved solid arthrodesis. One may hypothesize that these comparatively low rates of arthrodesis can, at least in part, be attributed to the assimilation of surgeon-assessed fusion assignments in the surgical community and existing literature. When comparing our rates of fusion to those in other studies, the definition of fusion must be considered. For example, the only other study that employed the use of blinded radiologists using flexion/extension radiographs reported a 67% fusion rate for 76 single-level MI-TLIF. 10 Despite a nonunion rate of 27% for all 93 levels as measured on CT scan, only 4 patients (5%) required revision surgery for symptomatic pseudarthrosis, which is similar to reported rates in the literature. These findings suggest that radiographic nonunion may not prognosticate poor outcomes or the development of painful nonunion. It may be more important for the surgeon to consider revision surgery based on patient symptomatology rather than radiographic pseudarthrosis alone, as a radiographic pseudarthrosis, when independently identified by a neuroradiologist, may not correlate to a clinical, symptomatic pseudoarthrosis.
Our regression analysis revealed only preoperative hypertension to be predictive of pseudarthrosis. While an increased number of comorbidities, including hypertension, has been previously shown to predict lumbar pseudarthosis, to our knowledge, hypertension alone has never been shown to be a single predictor for nonunion. 30, 31 Other patientspecific variables previously implicated in poor radiological outcomes, such as smoking, diabetes, and obesity, were not found to predict poor fusion status.
Limitations of our study include the retrospective study design as well as lack of patient-reported outcome measures. While patient-reported outcomes would have been helpful to differentiate radiographic pseudarthrosis from clinical, symptomatic pseudarthrosis, the primary purpose of this article was to compare radiographic fusion between 2 fusion substrates. Thus, the lack of patientreported outcomes does not take away from the objective of this study. Additionally, the end-point time of the study, 12 months, for fusion designation may have contributed to underreporting of fusion rates in those patients who require .12 months for fusion maturation. Finally, our patient sample was not randomized, which may subject certain outcomes, such as fusion rates and complications, to the effect of learning the procedure, which would bias the results. However, this study was conducted when the operating surgeon was mature in the learning curve. Hence, any bias due to the learning curve would have been minimal.
CONCLUSIONS
MI-TLIF is a proven safe and efficacious means of indirectly decompressing lumbar nerve roots, restoring lordosis, and achieving a solid fusion. We found no significant difference in fusion rates between cellularized bone matrix and recombinant human bone morphogenetic protein in MI-TLIF procedures. We found hypertension to be a statistically significant risk factor for nonunion. Our stringent definition of fusion that is entirely CT scan based and requires multiple sites of bridging boney trabeculae, both within and outside of the interbody cage, as well as the employment of blinded neuroradiologists to make this designation, may suggest the possibility that previous studies have overestimated fusion rates. Further longitudinal blinded studies utilizing a standard metric for fusion as designated by third-party neuroradiologists directly comparing fusion enhancers in MI-TLIF procedures are needed to validate these claims. 
